He abundance in impulsive solar energetic particle (SEP) events is enhanced up to several orders of magnitude compared to its photospheric value of [ He interactions in the solar atmosphere produce gamma-ray nuclear-deexcitation lines, both lines that are also produced by protons and α particles and lines that are essentially unique to 3 He. Gamma-ray spectroscopy can, therefore, reveal enhanced levels of accelerated 3 He. In this paper, we identify all significant deexcitation lines produced by 3
INTRODUCTION
The 3 He abundance in the solar photosphere is quite small. Although direct spectroscopic measurements are not possible, the estimated photospheric 3 He/ 4 He ratio derived from solarwind, corona, and meteoritic measurements is 1-3×10 −4 (Geiss 1982; Anders & Grevesse 1989) . The time history of the 2.223 MeV gamma-ray line resulting from capture by photospheric H of solar-flare-produced neutrons to form deuterium is sensitive to the presence of photospheric 3 He due to the radiationless charge-exchange reaction 3 He(n, p) 3 H. Estimates of the photospheric 3 He/H ratio (Prince et al. 1983; Murphy et al. 2003 ) based on measurements of this line are consistent with the above values.
However, in impulsive solar energetic particle (SEP) events observed in interplanetary space in which abundances of accelerated ions heavier than oxygen can be enhanced by factors of 3 to 10 and more relative to coronal values, 3 He can be enhanced by several orders of magnitude, with 3 He/α ratios of unity or even greater (Reames et al. 1994) . These impulsive events are therefore also referred to as 3 He-rich SEP events. (Note thatthe term "impulsive" refers to the shorter duration of the soft thermal X-ray emission of the associated flare, in contrast to the longer duration soft X-ray emission associated with "gradual" SEP events.) 3 He-rich SEP events are typically much smaller than gradual SEP events, last only a few hours, and can occur frequently; at solar maximum, 150 events per year are observed near the Earth with a longitude extent of ∼30°-60°, implying the occurrence of ∼10 4 events yr −1 over the whole Sun (Wang et al. 2016 ). This makes 3 He-rich SEP events the most common solar-particle acceleration phenomenon. They are believed to originate low in the solar atmosphere; Aschwanden et al. (1996) placethe height of the ion acceleration region at 18-20×10 4 km. They usually occur along magnetic-field lines connected to active regions and are often associated with type III radio bursts and minor solar flares (Reames et al. 1985) .
The extremely sharp boundaries observed (Chollet & Giacalone 2011 ) between flux tubes with and without SEPs in 3 He-rich events imply that the sources are compact. This compact source may be the associated solar flare itself, but analyses of 3 He-rich SEPs (Reames et al. 2014) show that they reflect temperatures of 2.5-3.2 MK, significantly cooler than that of typical (>10 MK) flare plasma. The source may therefore be some nearby cooler region, or it could still be the flare if the ions are accelerated early before the flare plasma is heated, or it could be both.
The abundance enhancements observed in 3 He-rich SEP events are thought to result from resonant acceleration by waves produced by magnetic-field reconnection. The 3 He enhancement is thought to be possibly due to electromagnetic ion cyclotron waves produced near the 3 He gyrofrequency by electron beams (e.g., Temerin & Roth 1992) . Because of the lack of correlation between heavy-ion and 3 He enhancements, the heavy element enhancements are probably due to a different mechanism, such as cascading wave turbulence (Miller 1997 ).
Shocks, driven by coronal mass ejections (CMEs) are thought to be responsible for producing the energetic ions in gradual SEP events. Shock acceleration is not capable of producing elemental abundance enhancements because it accelerates all elemental species uniformly. The composition of gradual SEP events, therefore, reflects the material that the shock is passing through,i.e., essentially coronal. Some gradual SEP events do exhibit an enhancement of 3 He, but this is thought to be due to the local material being seeded with 3 He-enhanced material either by preceding 3 He-rich SEP events or by the flare itself.
Solar flares are sudden releases of energy in the lower solar atmosphere producing thermal soft X-ray emission. Flares accelerate electrons and ions within closed magnetic loops also via magnetic-field reconnection. These energetic particles travel down the loop legs and interact with material at the loop footpoints, producing observable non-thermal emission via many processes. Accelerated ions produce nuclear deexcitation-line gamma-rays in addition to other emissions. Gamma-ray line-producing flares are typically large: GOES soft X-ray class M or greater.
To interpret solar-flare deexcitation-line observations, a Monte-Carlo-based computer code was developed to calculate the expected gamma-ray spectrum from nuclear deexcitation for assumed ambient and accelerated-particle compositions and accelerated-particle energy spectra. It is based on the comprehensive treatment of nuclear deexcitation gamma-ray line emission given by Ramaty et al. (1979) . The code has been continuously updated with improved line-production cross section data (e.g., Kozlovsky et al. 2002; Murphy et al. 2009 ). It includes >135 lines from >300 proton and α-particle reactions with the most abundant heavier elements in the solar atmosphere (in addition to four 3 He reactions as noted below). The reactions of the lightest projectiles (protons, 3 He, and α particles) are referred to as "direct." Because of the relatively low recoil velocities of the excited nuclei, direct reactions produce narrow Doppler-broadened lines with a fractional FWHM of ∼2%. The slight difference in masses of these three projectiles, however, does result in different recoil velocities of the excited nuclei and therefore in differences in their narrowline widths, with proton reactions producing narrower widths and α-particle reactions producing broader widths (e.g., see Kiener et al. 2006) . Also included in the code are the "inverse" reactions of accelerated projectiles heavier than α particles with ambient H and 4 He. Due to the higher recoil velocities of the excited nuclei, inverse reactions produce relatively broad lines with a fractional FWHM of ∼20%.
Using results from this code, spectroscopic analyses of flare gamma-ray line data (e.g., Murphy et al. 1991; Ramaty et al. 1997; Share & Murphy 1999) showed that the abundances of the heavy accelerated particles responsible for broad deexcitation lines are enhanced relative to protons, in a manner possibly similar to the 3 He-rich SEP event heavy-element enhancements. Interactions of flare-accelerated 3 He itself with the ambient atmosphere are also expected to produce numerous narrow nuclear deexcitation lines, both lines that are the same as those produced by protons and α particles and lines that are produced only weakly or not at all by protons and α particles (i.e., essentially unique to 3 He). Gamma-ray line spectroscopy, therefore, provides the means for revealing enhanced accelerated 3 He in flare-accelerated ions. Searching gamma-ray line spectra for evidence of enhanced 3 He instead of enhanced heavy ions has the advantage that the 3 He lines are from direct reactions of accelerated 3 He and therefore arenarrow and more easily detected than the highly Doppler-broadened lines produced by the inverse reactions of accelerated heavy ions. The original deexcitation-line code only included four 3 He reactions in addition to the proton and α-particle reactions. 18 F lines are exceptional in that they are produced almost exclusively by 3 He reactions. Share & Murphy (1995) and Share & Murphy (1998) provided fluxes of these lines measured with the moderate-resolution Solar Maximum Mission (SMM) Gamma-Ray Spectrometer (GRS) for several solar flares. Analyses (Share & Murphy 1998; Mandzhavidze et al. 1999 ) of these fluxes suggested that the flare-accelerated 3 He/α ratio could be ∼0.1 or even larger. In addition, the study of these same three lines, in combination with other deexcitation lines, determined not only the 3 He abundance but also provided constraints on the accelerated α/proton and ambient He/O and He/H ratios (Mandzhavidze et al. , 1999 .
A disadvantage of these earlier analyses, however, is that they were based on only three 3 He lines that come from only one target nucleus and that the lines are in a narrow energy range of the gamma-ray spectrum, where the analysis was complicated by the presence of several other lines. To confirm the intriguing enhanced-3 He results, all deexcitation lines resulting from 3 He reactions with all significant target nuclei across the entire gamma-ray spectrum must be considered. This will improve the sensitivity of the accelerated-3 He abundance determination when comparing calculated flare spectra with observed spectra by including 3 He lines at many energies. It will also ensure reliability of other information about solar flares (such as ambient abundances and accelerated-ion spectral steepness) derived from such spectral comparisons. Because 3 He reactions can produce many of the same lines as protons and α particles, if accelerated 3 He is found to be enhanced, earlier results from gamma-ray line studies may need to be revised when observed spectra are re-analyzed using new calculations that include the 3 He contributions. In this paper,we identify all nuclear deexcitation lines produced significantly by interactions of energetic 3 He with the major elements of the solar atmosphere. These include both lines that are essentially unique to 3 He and lines that are also produced by proton and α-particle reactions. We added all of these new 3 He lines to the deexcitation-line code. We include the direct reactions of accelerated 3 He on heavy targets, but do not include the inverse reactions of accelerated heavy ions on ambient 3 He. As noted above, the relative abundance of ambient 3 He is small, and so the contribution to the total gamma-ray spectrum from inverse reactions with it is not significant.
The reaction types and cross section threshold energies and energy dependences for interactions of protons, α-particles, and 3 He projectiles can be quite different from each other. Because of the differing energy dependences of their cross sections, the interactions of each of these projectiles will dominate different regions of the gamma-ray spectrum depending on the shape of the accelerated-ion energy distribution.
In their discussion of the production of radioactive nuclei by interactions of energetic 3 He, Kozlovsky et al. (2004) He is enhanced, 3 He reactions will contribute significantly to the gamma-ray spectrum when the acceleratedion kinetic-energy spectrum is steep. This could be significant if there is indeed a close relationship between ion acceleration in 3 He-rich SEP events and in the associated flare. Because flares associated with 3 He-rich SEP events are typically small, the flare-accelerated ions may preferentially also have relatively steep spectra.
The inclusion of the 3 He reactions in our deexcitation-line code insures that the code will provide accurate gamma-ray spectra for any accelerated-ion composition and energy distribution. In addition, with the inclusion of the 3 He reactions, gamma-ray spectroscopy can provide reliable information about the 3 He enhancement in the flare-accelerated ions, critical for the evaluation of the relationship of flareaccelerated ions and SEP ions. Comparisons of the properties of these two populations-properties such as the magnitude of the 3 He enhancement, timing, and spectral shapes-will shed light on the acceleration mechanism(s), the acceleration site location(s), and particle transport to space and to the solar atmosphere.
In Section 2, we discuss the 3 He line-production cross sections; in Section 3, we present calculated gamma-ray deexcitation line spectra and gamma-ray yields and yield ratios of various narrow features; in Section 4, we provide a determination of the flare-accelerated 3 He abundance using measured flux ratios of several gamma-ray features obtained with the SMM/GRS; and, in Section 5, we summarize our findings.
3 HE CROSS SECTION EVALUATIONS
In previous research concerning evaluations of production cross sections (Kozlovsky et al. 2002 (Kozlovsky et al. , 2004 Murphy et al. 2009 Murphy et al. , 2012 Murphy et al. , 2014 , our approach was to rely on laboratory measurements wherever possible and to supplement them when necessary with cross sections adapted from known cross sections of similar reactions or calculated with nuclearreaction codes. There are very few cross section measurements for lines produced by 3 He reactions with the nuclear targets found in the solar atmosphere. We, therefore,must rely heavily on calculated cross sections, and we use the nuclear reaction code TALYS, the same code used in the earlier studies.
TALYS (http://www.talys.eu/) is a user-friendly, efficient computer code simulating nuclear reactions of 1 keV to 250 MeV projectiles using state-of-the-art nuclear models (such as optical, direct, pre-equilibrium, compound, and fission) and comprehensive libraries of nuclear data covering all of the main reaction mechanisms. The TALYS developers and others verified its accuracy by comparing calculated results with experimental data for a variety of nuclear reactions (e.g., Koning et al. 2005; Broeders & Konobeyev 2006; Koning & Duijvestijn 2006 ). Here we used Version 1.6.
We require line-production cross sections (i.e., cross sections for production of a nucleus in particular excited states), which are more challenging for such codes than simply providing the cross section for theproduction of a particular nucleus. Murphy et al. (2009) showed (see their Figure 1 ) that TALYS accurately reproduces the measured line-production cross sections of proton and α-particle reactions. Because the TALYS 3 He calculations are based on the same rules and properties of nuclear physics and well-established nuclear data, we expect that TALYS will also accurately calculate lineproduction cross sections for 3 He-induced reactions. In Figure 1 , we compare the cross sections calculated with TALYS with two of the few available measurements of 3 He line-production cross sections: those of Tatischeff et al. (2006) for the production of the 0. He energy where the cross section maximizes. The agreement is poorer at high energies where the cross sections are small, but this will have little impact in our application to solar flares, where accelerated-ion spectra are relatively steep. We therefore expect that TALYS will provide 3 He cross sections adequate for our purposes.
We used TALYS to calculate cross sections for all deexcitation lines produced by interactions of 3 He with C, N, O, Ne, Mg, Si,and Fe for a range of total projectile energies from 1 keV to 250 MeV. The lines arise from excitation of the target nuclei in inelastic reactions and from excited nuclei produced by fusion reactions (resulting in excited nuclei heavier than the target) and spallation reactions (resulting in excited nuclei lighter than the target). Of these, we selected for inclusion in the code the ∼100 reactions producing ∼85 lines for which thecross section maxima exceeded 10 mb. These reactions are listed in Table 3 in the Appendix. The cross sections for each of these reactions are tabulated and provided in this paper.
To include the significant contribution of the remaining numerous lines having cross section maxima <10 mb as calculated with TALYS, we follow the procedure described by Murphy et al. (2009) . We combine all of these lines into 100 keV bins producing an effective continuum, referred to as the "quasi-continuum of discrete lines." Again referring to Murphy et al. (2009) , we also include two additional nuclear radiation components calculated with TALYS: the compound continuum and the pre-equilibrium continuum. The constructed quasi-continuum of discrete lines can produce spectral features of up to a few hundred keV wide in calculated gamma-ray spectra (see Section 3 below), while the compound and preequilibrium continua are generally smoothly varying with gamma-ray energy.
Inspection of the cross sections for line production by protons, 3 He, and α particles shows that there are deexcitation lines produced by 3 He reactions that are not produced by proton and α-particle reactions at all, or, if they are, only weakly. That is, they are produced almost exclusively by 3 Figure 1 .
Most of the deexcitation lines produced by 3 He reactions are also produced by proton and α-particle reactions. (The cross sections for the proton and α-particle reactions were given by Kozlovsky et al. 2002and Murphy et al. 2009 Inspection of the cross sections shows that, for many of these lines, 3 He reactions will add at most only a relatively small amount to the gamma-ray production from proton and α-particle reactions regardless of the shape of the accelerated-ion energy distribution, even for accelerated 3 He/α ratios as large as 1. That is, the line production is almost independent of the 3 He abundance. Examples are the 1.634 MeV 20 Ne, the 4.439 MeV 12 C, and the 6.129 MeV 16 O lines. The cross sections for producing these three lines by 3 He reactions (including inelastic, spallation from heavier targets, and fusion from lighter targets) are shown by the red curves in Figures 2, 3 , and 4, respectively. Also shown in these figures (black or green curves) are the cross sections for producing these lines from all proton and α-particle reactions included in the code. In these figures, "α" refers to all of the possible combinations of two protons and two neutrons, and "d" refers to either deuterium or separated proton and neutron.
Most of the 3 He reaction cross sections for producing these three lines have energy dependences similar to those of the proton and α-particle reactions and do not dominate at any ion energy. We note that the cross sections for the the magnitude of the 6.129 MeV line cross section is also relatively small. Among the 3 He deexcitation lines that are also produced by proton and α-particle reactions are some for which theproduc-tion cross sections are large and have energy dependences that are quite different from those of the proton and α-particle cross sections. For such lines, the 3 He contribution to the line can dominate for some accelerated-ion spectra. That is, the line production can be strongly influenced by the 3 He abundance. Figures 5, 6 and 7, respectively. Also shown in the figures (black or green curves) are the production cross sections for these lines from the proton and α-particle reactions included in the code. In Figure 6 , the solid and dotted black curves are the sum of the cross sections for the four ∼5.2 MeV lines from reactions of protons and α particles, respectively, with 16 O. The dashed black curve is the sum of the cross sections for the 5.240 and 5.269 MeV lines from fusion reactions of α particles with 12 C. Also shown in Figure 7 are the cross sections for producing the 6.478 MeV 11 C line from proton and α-particle reactions and the 6.446 MeV line from α-particle reactions. The 6.478 MeV linewould be unresolvable from the 6.446 MeV line for medium-resolution detectors. The cross sections for producing the 2.313, ∼5.2, and 6.446 MeV lines from 3 He reactions are stronger at low energies or have significantly lower threshold energies than do the cross sections for the proton and α-particle reactions. These 3 He reactions will dominate over the proton and α-particle reactions for steep accelerated-ion spectra.
EFFECTS OF ACCELERATED
3 HE ON DEEXCITATION-LINE SPECTRA In this section, we study how inclusion of the new 3 He reactions into the deexcitation-line code impacts the resulting deexcitation-line spectrum. We ran the revised code, assuming all accelerated ions have the same power-law spectrum in energy per nucleon (E − s ) with spectral indexes s ranging from 1.5 to 8, accelerated α/proton ratios of 0.1 and 0.5, and various accelerated 3 He/α ratios from 0 to 1. The calculations were performed for isotropic interacting projectiles in a thick target and normalized to 1 accelerated proton with energy greater than 30 MeV [N p (>30 MeV) = 1]. Anisotropic interacting projectiles will produce measurable Doppler shifting of a given line due to the recoil nucleus velocities, but the gamma-ray emission remains essentially isotropic.
We assumed coronal (Reames 1995) abundances for both the ambient and accelerated-ion compositions (with [Ne]/[O] = 0.15). We note that if accelerated 3 He is enhanced, one might expect the accelerated heavy ions to also be enhanced similar to what is observed in 3 He-rich SEP events. Enhancement of accelerated heavy-ion abundances does not impact the directreaction narrow-line spectrum; it only increases production of the inverse-reaction broad lines, which contribute to the underlying continuum. We therefore keep the accelerated-ion composition the same for all assumed ratios of accelerated 3 He/α to more clearly reveal the effect of enhanced accelerated 3 He on the deexcitation-line spectrum. We note that the ion species accelerated in solar flares may not all have the same spectral shape(see, e.g., Toner & MacKinnon 2004) . In Section 4, where we determine the accelerated 3 He/α abundance ratio using flare observations, we will continue to keep the proton and α-particle spectra the same for simplicity, but will explore the impact on the derived abundance of having 3 He spectral indexes that differ from those of the accelerated protons and α particles.
In Section 3.1, we inspect calculated gamma-ray line spectra and identify the most important 3 He-related features. Doing this by direct inspection of calculated spectra allows us to see the 3 He features in context with any nearby features and therefore better judge its potential for revealing enhanced accelerated 3 He. In Section 3.2, we calculate the most relevant yields and yield ratios of gamma-ray features.
Identification of Features Produced by 3 He in Deexcitation-line Spectra
In Figures 8 through 11 , we show calculated gamma-ray spectra resulting from accelerated ions having power-law energy spectra. Figures 8 and 9 are for an ion spectral index s=4 and cover the energy ranges from 0 to 3 MeV and from 3 to 16 MeV, respectively. Figures 10 and 11 are for s=6 and again cover the energy ranges from 0 to 3 MeV and from 3 to 16 MeV, respectively. In the figures, the black histograms are for accelerated 3 He/α = 0 and the red histograms are for accelerated 3 He/α = 1. For all of these spectra, the assumed accelerated α/proton ratio is 0.1.
The calculated spectra in the figures are composed of relatively narrow features on an underlying continuum. The continuum is composed of the broad lines from inverse reactions, the quasi-continuum of discrete lines from both direct and inverse reactions, and the compound and preequilibrium continua from both direct and inverse reactions (see Section 2). For light target elements at low projectile energies, the pre-equilibrium continuum produced by 3 He reactions as calculated by TALYS is strong relative to that produced by proton and α particles. It is responsible for the broad weak features at high photon energies seen in Panel (b) of Figure 11 for the steep ion spectrum. As mentioned in Section 2, the quasi-continuum of discrete lines is also responsible for some of the broader features visible in the spectra, such as at ∼3.35 and ∼5.6 MeV seen in Figure 11 .
We do not show calculated spectra for accelerated-ion power-law indexes harder than three. For such ion spectra, 3 He reactions do not contribute significantly to any region of the gamma-ray spectrum for accelerated 3 He/α ratios up to 1. Larger ratios of 3 He/α may have an impact, but such large values are rarely found in 3 He-rich SEP events. For such hard ion spectra, the nuclear continua (see Section 2) from proton and α-particle reactions dominate the gamma-ray spectrum.
The narrow gamma-ray spectral features seen in the calculated spectra are each composed of one or more directreaction lines. For features composed of more than one line, there is typically one dominant line, with the relative contributions of the other lines varying depending on several parameters such as their target-nuclei abundances and the , we see that when accelerated 3 He is enhanced, the entire spectrum can be affected, especially for steep accelerated-ion spectra. This can impact solar-flare parameter values previously derived using gamma-ray line spectroscopy, where 3 He reactions were not considered.
We also see that there are narrow features that are present only when 3 He is enhanced; i.e., the feature is present in the red histogram but not in the black histogram. We refer to such features as " 3 He-unique." Detection of a 3 He-unique feature in an observed solar-flare spectrum would provide anunambig-uous indication of the presence of enhanced accelerated 3 He. (Share & Murphy 1998; Mandzhavidze et al. 1999) .
We note that it is possible to produce some of these 3 Heunique lines by α-particle reactions (e.g., the excited states of 18 He-unique.
In addition, we see that there are many narrow features produced by all three projectiles (protons, α-particles and 3 He), but the 3 He contribution can be quite significant depending on the accelerated-ion spectral index and, of course, the accelerated 3 He/α ratio. That is, there is evidence for the feature in both red and black histograms, but the 3 He contribution dominates for some ion spectra. We refer to such features as " Finally, there are features to which 3 He reactions contribute essentially nothing; i.e., the red and black histograms are almost identical. We refer to such features as 3 He-independent. However, as will be seen below (see Section 3.2), for very steep accelerated-ion spectra, 3 He reactions can, in fact, contribute to some 3 He-independent features but only very weakly, and the features merit the term 3 He-independent. Using the figures, we identify 22 narrow features that are affected by enhanced accelerated 3 He; i.e., features that are either 3 He-unique or 3
He-influenced. The features are numbered in the figures and are listed in Table 1 . In the table, the first column is the feature number, the second column gives the energy (MeV) of the deexcitation line (or lines) from the 3 He reactions that contribute to the feature, the third column gives the isotope and transition responsible for each line, and the fourth column gives the reaction(s) leading to the isotope. The He ratio is 1. The green histogram is the combined contribution from proton and α particles (α/proton = 0.1), the red histogram is the contribution from 3 He, and the black histogram is the total.
fifth column identifies the feature type as 3 He-unique ("u") or 3 He-influenced ("inf"). As before, "α" refers to all of the possible combinations of two protons and two neutrons, and "d" refers to either deuterium or separated proton and neutron. For the 3 He-influenced features, we do not list in the table the lines from proton and α-particle reactions that also contribute to the feature; lines produced by proton and α-particle reactions were listed by Kozlovsky et al. (2002) . Generally, features without numbers in Figures 8-11 are identified as 3 Heindependent.
There are 14 3 He-unique features listed in Table 1 including the original three considered by Tatischeff et al. (2003; at 1.041, 1.080, and 1.887 MeV) . The presence of 3 He-unique features in observed flare gamma-ray spectra unambiguously reveals enhanced accelerated 3 He. The features are produced by reactions involving several target nuclei and are at energies spanning a wide range of the gamma-ray spectrum. We note, however, that they are often weak or located in regions of the spectrum where they may be difficult to measure because they are near other stronger features (e.g., the 0.416 MeV 26 Al line is near the strong ∼0.45 MeV α-α line complex) or they are at low energies where the flare electron bremsstrahlung dominates.
There are eight 3 He-influenced features listed in Table 1 that can also be used to search for enhanced accelerated 3 He. Indeed, some of these features can be very strong under certain circumstances (see Section 3.2) and therefore may be more useful for revealing enhanced 3 He than the 3 He-unique features. However, because their yields also depend on other flare parameters such as the accelerated-ion α/proton ratio and spectral index and the ambient abundances, their use must be part of a comprehensive analysis of multiple features that selfconsistently determines all relevant solar-flare parameters.
In addition to affecting the yield of a spectral feature, accelerated 3 He interactions can also affect the shape of the feature. As an example, we show in panel (a) of Figure 12 a region of the gamma-ray spectrum near 6.1 MeV calculated for an accelerated-ion spectral index of 4, an accelerated α/proton ratio of 0.1, and an accelerated 3 He/ 4 He ratio of 1. The green histogram is the combined contribution from both proton and α particles, the red histogram is the contribution from 3 He, and the black histogram is the total. To more clearly reveal the effect, we show only the narrow lines, removing both the broad lines and the deexcitation-line continuum. The strong feature near 6.13 MeV is composed of the 6.129 MeV line of 16 O and the 6.176 MeV line of 15 O, both produced by all three projectiles. However, for this spectral index (s = 4), the contribution from proton reactions producing the 6.129 MeV line dominates; the centroid of the feature is near this energy and the feature is relatively narrow due to the small mass of the proton projectile. The emission from 3 He reactions is dominated by the 6.176 MeV line, but its contribution to the feature is small for this spectral index, and this line has little impact on the yield, shape, or centroid energy of the feature.
In panel (b) of Figure 12 , we show the same spectral region but for a steep accelerated-ion spectral index of 6. The contribution from proton and α-particle reactions (green histogram) is again dominated by the 6.129 MeV line, but with α-particle interactions now being more significant resulting in a broader line due to the higher excited-nuclei recoil velocities produced by the more-massive projectile. We note that a steeper accelerated-ion spectral index would be expected to produce a narrower line because the lower average projectile interaction energy produces lower recoil velocities. However, for this line, α-particle reactions dominate over proton reactions for the steeper index because, as is generally the case, the α-particle reaction cross sections have lower threshold energies.
The contribution from 3 He reactions (red histogram) is again dominated by the 6.176 MeV line, but its yield is now nearly comparable to the yield of the 6.129 MeV line from α-particle reactions. The centroid energy of the total feature (black histogram) is shifted ∼20 keV higher. With good measurement statistics, even a moderate-resolution instrument such as the SMM/GRS may be able to detect such a shift. We note that while enhanced 3 He affects the shape of this feature, the total yield is still relatively unaffected, as will be seen below, and so the feature is identified as 3 He-independent. We also note that for harder spectra (spectral index s3), the 6.176 MeV 15 O line again becomes strong;however, this is not due to 3 He spallation reactions but rather to proton and α-particle spallation reactions, which have high threshold energies. The presence of a strong 6.176 MeV line, therefore, does not necessarily mean enhanced accelerated 3 He; it does so only when the ion spectrum is steep. This emphasizes the requirement for a comprehensive analysis of several features when using 3 He-influenced features for detecting enhanced accelerated 3 He. Finally, we discuss the spectral feature at ∼6.4 MeV dominated by the 14 N line at 6.446 MeV. The shape of this feature can be most clearly seen in Figure 12 and is notably flat-topped. The shape of a line produced by mono-energetic projectiles having an isotropic angular distribution can be shown to be flat topped, with a width dependent on the energy of the projectile; broader for higher-energy projectiles. For the calculations shown in the figures, we assumed such an angular distribution, but we also assumed a distribution of projectile energies (specifically, a power law in energy). Generally, the line shape from a distribution of projectile energies is more rounded as it is composed of a combination of many flat-topped lines of varying widths. For this line, however, its production cross section has a relatively narrow distribution in projectile energy with no extension to higher energies (see Figure 7 ) so that only a few energies significantly contribute to its production, resulting in the flat-topped shape. Close inspection of Figure 12 shows that the feature is somewhat broader for the harder s=4 spectral index.
There are a few relatively broad features visible in the spectrum when 3 He is enhanced that are not numbered. As noted above, these are due to features in the quasi-continuum of discrete lines. There are no explicit lines included in the code that are associated with these features.
Gamma-Ray Yields and Yield Ratios of Spectral Features
One technique for analyzing solar-flare data (used, for example, by Murphy et al. 1991) is to calculate the detailed gamma-ray spectrum with the deexcitation-line code for a given set of the physical parameters on which spectra depend (such as abundances and accelerated-ion spectral indexes and angular distributions), pass the spectrum through the instrument response function, and compare the resulting count spectrum with the observed count spectrum, establishing the quality of fit by some statistical measure such as χ 2 . The input physical parameters are then systematically varied and the process repeated until the best comparison with the data is achieved, providing best estimates of the physical conditions at the flare. This is generally the best approach because all of the data available are being used and all line features (narrow and broad) resulting from the current set of parameter assumptions are being simultaneously fit. However, because gamma-ray deexcitation-line spectra depend on many parameters, success with this approach requires data of high statistical quality. To provide this ability to researchers wishing to analyze solar-flare data in this way, we intend to make the code available to be run under OSPEX. OSPEX is part of SolarSoftWare (Freeland & Handy (1998) ), a set of integrated software libraries, data bases, and system utilities providing a common programming and data analysis environment for solar physics. A simpler technique for analyzing solar-flare spectral data (used, for example, by Murphy et al. 1990 ) is to measure the fluxes or fluences (time-integrated flux) of specific narrow spectral features by fitting them with Gaussian shapes. These measured fluxes are then compared with the calculated gammaray yields of those features obtained with the deexcitation-line code. This is done for a range of flare parameters to determine the set of parameter values that provides the best comparison. Measured flux ratios are useful for establishing the acceleratedion spectral steepness and ambient abundances, while measured fluxes reveal the interaction rate of the ions producing the observed emission. With the inclusion of the 3 He reactions in the code, measured flux ratios that are sensitive to the presence of 3 He provide the means for detecting any accelerated 3 He enhancement. With this technique, however, care must be taken to ensure that as many observed fluxes and flux ratios as possible are considered in order to self-consistently constrain the parameters. This typically requires an iterative approach, adjusting the parameters until all of the calculated and observed flux ratios are in best agreement.
In this section, we provide calculated gamma-ray yields and yield ratios for several narrow features visible in the calculated gamma-ray spectra of Figures 8 through 11. These yields are the total number of gamma-rays produced. The yields depend on the assumed ambient abundances. As noted above, these calculations assume coronal ambient abundances with [Ne]/ [O] = 0.15. Yields for other abundance assumptions can be obtained by running the deexcitation-line code.
While the recoil velocities of the excited nuclei responsible for the line emission are generally large enough to produce moderate Doppler shifting of the emitted gamma-rays, they are not large enough to produce significant relativistic Doppler beaming. The angular distribution of the emitted radiation remains essentially isotropic, and the calculated fluence at Earth (photons cm −2 ) of a given feature is the calculated yield divided by [4πD 2 ] where D is the Earth-Sun distance in centimeters.
When a narrow feature of an observed gamma-ray spectrum is fit with a Gaussian shape to determine its flux, the measured flux will include the flux from all deexcitation lines contributing to that feature. We therefore include the yields from all contributing lines when calculating the yield of a given feature. This allows direct comparison of the measured flux and the calculated gamma-ray yield. We explicitly do this by integrating the calculated narrow-line gamma-ray spectrum from direct reactions over energy windows appropriate for each feature being considered. The output of the deexcitation-line code separately accumulates the direct-reaction gamma-ray spectrum, and it is this spectrum we use. This approach avoids inclusion in the reported yield of any emission from the broad lines and gamma-ray continua underlying the narrow feature. When observed spectra are fit, these broad-line and continuum emissions must be accounted for by including additional components in the fit.
Here, we present gamma-ray yields for eight spectral features that are relevant to searching for enhanced 3 He or that will be useful in our analysis of solar-flare data obtained with the moderate-resolution SMM/GRS discussed below (Section 4). He abundance does remain as will be seen below. The ∼1.04 MeV feature is discussed next. The calculated (with α/proton = 0.1) gamma-ray spectrum from 0.90 to 1.15 MeV is shown in Figure 13 . This region contains the 0.937, 1.041, and 1. Co * . Some of these lines would be resolvable with a highresolution detector such as RHESSI, but not so with a mediumresolution detector such as SMM/GRS. Indeed, in the SMM/ GRS flux measurement noted above, this entire complex of fivelines was fit with a single Gaussian shape at ∼1.04 MeV. For our analysis below (Section 4) of these same SMM/GRS data, we therefore combine the yields of these five lines into a single yield for the ∼1.04 MeV "feature." Although the feature includes two lines produced almost exclusively by 3 He, the strong contribution from the α-produced lines results in this ∼1.04 MeV feature as a whole being classified as 3 Heinfluenced. . Total gamma-ray yield of the spectral feature at 6.13 MeV as a function of accelerated-ion spectral index for accelerated α/proton = 0.1 (black curves) and 0.5 (red curves) and for several ratios of accelerated 3 He/α.
We show in Figures 14 through 21calculated yields of the spectral features at 0.94, ∼1.04, 1.63, 2.31, 4.44, ∼5.2, 6.13, and ∼6.4 MeV, respectively. Each yield is shown as a function of the accelerated-ion spectral index, assuming all species have the same spectrum, and for several ratios of accelerated 3 He/α from 0 to 1. The black curves are for accelerated α/proton = 0.1 and the red curves are for α/proton = 0.5. For comparison with previous calculations, the yields are normalized such that N p (>30 MeV) = 1.
The yields of the 3 He-independent spectral features at 1.63, 4.44, and 6.13 MeV (Figures 16, 18 , and 20) do not depend strongly on the accelerated 3 He/α abundance ratio because all of the contributing lines are produced almost exclusively by proton and α-particle reactions. For a given accelerated α/ proton ratio, the only effect of enhanced accelerated 3 He on their yields is a modest increase as the ion spectrum steepens. For very hard ion spectra, there is also a weak yield increase of the 1.63 and 4.44 MeV features for enhanced accelerated 3 He when the α/proton ratio is large. Because we are tying the relative accelerated-3 He abundance to the α particles, as the α/ proton increases, so too does the 3 He/proton abundance. Inspection of the 3 He-reaction cross sections for producing these lines shows that they have some significant value at higher projectile energies, which adds somewhat to their yields for harder ion spectra.
In addition to the yields being reasonably independent of the accelerated 3 He/α ratio, the target nuclei producing the dominant lines of these three features have high first ionization potentials (FIP). Their abundances relative to H are therefore not expected to vary, making the yields of these features particularly useful when yields of other features are compared to them.
The yields of the 3 He-influenced spectral features at 0.94, ∼1.04, 2.31, ∼5.2, and ∼6.4 MeV (Figures 14, 15, 17, 19 and He/α ratio (0.10) is obtained from the measured ∼1.04/6.13 MeV flux ratio (0.33) and the spectral index (4.88) derived for assumed accelerated α/proton = 0.1 (see Section 4.3). Figure 25 . Ratio of the gamma-ray yields of the spectral features at 2.31 MeV and 6.13 MeV as a function of accelerated-ion spectral index for accelerated α/ proton = 0.1 (black curves) and 0.5 (red curves) and for several ratios of accelerated 21) show strong dependence on the accelerated 3 He abundance, particularly for steep ion spectra, but also for intermediate values of the spectral index. The deexcitation lines contributing to these features are either strongly influenced by 3 He reactions or, for the 0.94 and ∼1.04 MeV features, produced almost exclusively by 3 He reactions. These features will therefore be useful for thedetection of enhanced accelerated 3 He. We note that while both the 0.94 and ∼1.04 MeV features contain lines produced almost exclusively by 3 He reactions, their use is complicated by the strong contribution to the features by lines at 0.931 and 0.957 from proton reactions and at 0.999, 1.014,and 1.050 MeV from α-particle reactions. It is the presence of these other lines that make these two features 3 Heinfluenced rather than 3 He-unique. The ∼5.2 MeV 3 He-influenced feature (Figure 19 ) may be particularly useful for 3 He abundance determination because it is located in a spectral region relatively free of other features, between the strong 4.44 and 6.13 MeV features. It is also relatively broad and thusshould be easily measured with detectors using moderate spectral-resolution material such as NaI. The ∼6.4 MeV 3 He-influenced feature (Figure 21 ) is also reasonably well isolated from other gamma-ray features, but it is near the location of a detector's 511 keV first-escape peak associated with the strong, broad feature at ∼6.9 MeV (see Panel (b) of Figures 9 and 11; 6.9-0.511¬6.4). Therefore, for the ∼6.4 MeV feature to be useful, accurate knowledge of the detector off-diagonal response (both first and second escape peaks and the Compton continuum) will be required.
The 2.31 MeV 3 He-influenced feature (Figure 21 ) also responds strongly to enhanced accelerated 3 He. However, it is located near the 2.223 MeV neutron-capture line. The neutron-capture line is the strongest line produced in solar flares, but it is very narrow (∼10 eV), and observations with high-resolution detectors such as RHESSI may be able to resolve these two features. However, even with a high spectralresolution detector, and certainly with moderate-resolution detectors, the neutron-capture line is so strong for flares on the solar disk that it may swamp the 2.31 MeV feature. Flares occurring near the solar limb, where attenuation of the neutroncapture line is significant, may therefore be more favorable for analyses using the 2.31 MeV line.
Using the results of Figures 14 though 21 , we show in Figures 23 through 27 six yield ratios of narrow gamma-ray spectral features: the 6.13 to 1.63 MeV, the 0.94 to 6.13 MeV, the ∼1.04 to 6.13 MeV, the 2.31 to 6.13 MeV, the ∼5.2 to 6.13 MeV, and the ∼6.4 to 6.13 MeV, respectively. The ratios are plotted as a function of the accelerated-ion spectral index, assuming all species have the same spectrum, and for several ratios of accelerated 3 He/α from 0 to 1. The black curves are for accelerated α/proton = 0.1 and the red curves are for α/ proton = 0.5.
The 6.13/1.63 MeV ratio (Figure 22 ) is strongly dependent on the steepness of the accelerated-ion spectrum and was used previously to determine the spectral index of flare-accelerated ions. It is composed of two relatively strong 3 He-independent spectral-feature yields, and, as expected, is reasonably independent of the 3 He abundance: for a given yield ratio, the change in index as 3 He/α varies from 0 to 1 is <0.3 for α/ proton = 0.1 and <0.6 for α/proton = 0.5. We see that its use remains reasonably reliable even without knowledge of the accelerated-3 He abundance. This ratio is particularly useful because the two target nuclei producing the dominant lines contributing to the features both have high FIP, and so their abundance ratio should not vary from the photospheric value.
The 6.13/1.63 MeV ratio is actually more dependent on the accelerated α/proton ratio. For this yield ratio to be useful, the accelerated α/proton ratio must be determined by other means, such as using the measured flux of the α-α line complex at ∼0.45 MeV or of the Co and Ni lines produced exclusively from fusion of α particles with 56 Fe (Share & Murphy 1997; Mandzhavidze et al. 1999) or from line shapes (see Kiener et al. (2006) ).
For the 0.94/6.13, ∼1.04/6.13, 2.31/6.13, ∼5.2/6.13, and ∼6.4/6.13 MeV ratios, the numerators are yields of 3 Heinfluenced features and the denominator is the yield of a 3 Heindependent feature. These ratios are dramatically dependent on the 3 He abundance; increasing due to 3 He enhancement Figure 26 . Ratio of the gamma-ray yields of the spectral features at ∼5.2 MeV and 6.13 MeV as a function of accelerated-ion spectral index for accelerated α/ proton = 0.1 (black curves) and 0.5 (red curves) and for several ratios of accelerated 3 He/α. The dashed lines show how the 3 He/α ratio (0.10) is obtained from the measured ∼5.2/6.13 MeV flux ratio (0.27) and the spectral index (4.88) derived for assumed accelerated α/proton = 0.1 (see Section 4.3). Figure 27 . Ratio of the gamma-ray yields of the spectral features at ∼6.4 MeV and 6.13 MeV as a function of accelerated-ion spectral index for accelerated α/ proton = 0.1 (black curves) and 0.5 (red curves) and for several ratios of accelerated 3 He/α. The dashed lines show how the 3 He/α ratio (0.56) is obtained from the measured 6.44/6.13 MeV flux ratio (0.066) and the spectral index (4.88) derived for assumed accelerated α/proton = 0.1 (see Section 4.3).
even for ion spectral indexes as hard as 3or 4. Except for the ∼1.04/6.13 MeV ratio, the increase can be more than an order of magnitude for very steep spectra even for 3 He/α = 0.1. For very hard spectra, where 3 He reactions do not contribute significantly, the 0.94/6.13, ∼5.2/6.13, and ∼6.4/6.13 MeV yield ratios are independent of the accelerated α/proton ratio because these features are produced primarily by proton reactions for such spectra, while the ∼1.04/6.13 MeV and 2.31/6.13 MeV yield ratios do show some α/proton dependence because α-particle reactions are contributing. For very steep ion spectra, for a given value of 3 He/α the ratios are again independent of the accelerated α/proton ratio implying that α-particle reactions are not contributing to the features. Such 3
He-influenced feature ratios may be used for determining the enhancement of accelerated 3 He, complementing 3 He-unique features. We note that we chose the yield of the strong 6.13 MeV 3 He-independent feature for the denominator in these ratios. The 6.129 MeV 16 O line that dominates this feature has a large cross section and a relatively abundant target nucleus. Due to the high value of its photon energy,however, its detection can be challenging for detectors for which thesensitivity falls rapidly with photon energy such as RHESSI. Equivalent andpossiblymore easily detected would be the 3 He-independent features at 1.63 MeV, dominated by the 1.634 MeV 20 Ne line, or at 4.44 MeV, dominated by the 4.429 MeV 12 C line. Ratios using the yields of these features as the denominator, or any other ratios of interest, can be obtained from the curves given in Figures 14 through 21. 
ACCELERATED 3 HE ABUNDANCE DETERMINATION
The most important flare parameters relevant to the 3 He abundance determination are the ambient composition, the accelerated-ion α/proton ratio and spectral index, and the accelerated 3 He/α ratio itself. Ideally, the analysis of an observed flare gamma-ray spectrum would simultaneously optimize all of these parameters to provide the best fit of the resulting calculated spectrum with the data. This can be accomplished by directly fitting flare spectral data with calculated spectra, which naturally takes advantage of all of the data and allows multiple parameters to be self-consistently determined simultaneously. Unfortunately, the SMM/GRS data and analysis software reside on an out-of-date computer system, so such analyses will not be possible until the data can be accessed with modern computer systems, such as the OSPEX analysis package.
In this section,we determine the flare-accelerated 3 He/α ratio by comparing calculated flux ratios of gamma-ray features (Section 3.2) with measured flux ratios obtained from an archival data set. Share & Murphy (1995) provided measured fluxes of a number of gamma-ray features for each of the 19 strongest solar flares observed with the SMM/GRS. Mandzhavidze et al. (1997 Mandzhavidze et al. ( , 1999 then used the 0.94/0.84, 0.94/6.13, ∼1.04/0.84, and ∼1.04/6.13 MeV 3 He-influenced to 3 Heindependent flux ratios to deduce the accelerated 3 He/α ratio in the individual flares. They found a few flares that showed evidence for enhanced 3 He but only at a significance of at most 2.5 σ. Share & Murphy (1998) used the spectrum obtained by summing the 19 SMMflare spectra to study the shape of the ∼1.04 MeV feature, concluding that it also showed evidence for enhanced 3 He. With the addition of the new 3 He reactions to the deexcitation-line code, we improve on these earlier analyses by including two new flux ratios sensitive to the accelerated 3 He/α ratio.
Data Description
The measured fluxes used here were determined previously by fitting Gaussian shapes to the SMM19-flare summed count spectrum. Using such a summed spectrum has the advantage that the data are of superior statistical quality. On the other hand, many of the physical parameters on which flare spectra depend may vary from flare to flare; parameters such as the accelerated-ion spectrum and abundances (including the accelerated α/proton ratio and the accelerated 3 He/α ratio itself). Thus the interpretation of results obtained from such a summed spectrum that averages these dependences is somewhat ambiguous.
The time-averaged 19-flare summed count-rate spectrum is shown in Figure 28 and is composed of nuclear emission (containing a number of gamma-ray features) above an electron-bremsstrahlung continuum. Some of the stronger features of the nuclear emission are identified: the positronannihilation line at 0.511 MeV, the neutron-capture line at 2.223 MeV, and several nuclear-deexcitation line features with their dominant contributing nuclei. We note that obtaining such a remarkable count spectrum was only possible because of the excellent gain control of the seven detectors comprising the SMM/GRS spectrometer (Forrest et al. 1980) .
In addition to the deexcitation-line features, there are instrumental features such as the single and double escape peaks. These occur when one or both 0.511 MeV photons from annihilation of pair-produced positrons escape from the detector without depositing their energy. In the figure, single escape peaks can be seen at ∼3.9 MeV associated with the 4.39 MeV 12 C feature, at ∼5.6 MeV associated with the 6.13 MeV 16 O feature, and at ∼6.4 MeV associated with the 6.9 MeV 16 O-14 N feature. When a count spectrum is fit with a model photon spectrum, the included instrument-response function will account for such features. The measured fluxes used here were obtained using the original instrument-response function (Forrest et al. 1980) , whichwas used by Share & Murphy (1995) , and are the only fluxes currently available for the 19-flare summed spectrum. An improved response function is available and will be used in future analyses to improve the fits once the data can be accessed with modern computer systems.
The fluxes of the narrow features were obtained using the fitting technique described by Murphy et al. (1990) and Share & Murphy (1995) . Inspection of the summed-flare count spectrum shows that there are 15 identifiable narrow deexcitation-line features that, along with the 0.511 MeV positronannihilation and 2.223 MeV neutron-capture lines, were fit with Gaussian shapes. Six additional broad Gaussian shapes were included in the fit to account for the rest of the nuclear emission, composed of the numerous remaining narrow lines from direct reactions, the broad deexcitation lines from inverse reactions, and the nuclear continua (see Section 2) from both direct and inverse reactions.
These broad Gaussians provide a reasonable representation of this remaining emission overall, but our recent theoretical studies (Murphy et al. 2009 ) showed that the quasi-continuum of discrete lines contains some relatively narrow structures that are not accounted for by the broad Gaussians. Generally, this is not a significant problem, but if such a structure occurs near the photon energy of a narrow feature that is being fit with a Gaussian, that fit will overestimate the flux in the feature as it attempts to account for both the feature and for the structure missing from the broad-Gaussian component. Among the narrow features used here in our 3 He-abundance analysis, this is an issue only for the ∼6.4 MeV feature, and we will provide a correction to its measured flux (see below).
We consider several flux ratios; they (and their measured values) are: 6.13/1.63 (0.53 ± 0.04), 0.94/6.13 (0.38 ± 0.05), ∼1.04/6.13 (0.34 ± 0.09), ∼5.2/6.13 (0.28 ± 0.04), ∼6.4/6.13 (0.13 ± 0.04), 0.94/0.84 (1.05 ± 0.25), and ∼1.04/0.84 MeV (0.38 ± 0.05). We describe how these ratios will be used in Section 4.2. The 2.31/6.13 MeV ratio is also sensitive to the 3 He abundance (see Section 3.2), but we do not use it because the 2.223 MeV neutron-capture line is strong in the summed spectrum and the moderate-resolution GRS detectors cannot separate it from the 2.31 MeV deexcitation line.
As noted above, the reported flux of the ∼6.4 MeV feature overestimates the actual flux in the feature because of nuclearcontinuum structure not reproduced by the broad-Gaussian modeling. Using calculated spectra, we estimate that approximately 50% of the reported ∼6.4 MeV flux should be attributed to this continuum feature. The revised measured ∼6.4/ 6.13 MeV ratio is 0.066±0.033.
Data Analysis
For the flux ratio analysis reported here, we assume the ambient composition is coronal (with [Ne]/[O] = 0.15). We assume that the accelerated α/proton ratio is either 0.1 or 0.5 and discuss how this assumed α/proton ratio affects the derived 3 He abundance. For each assumed value of α/proton, we first determine the averaged accelerated-ion spectral index s using the measured 19-flare sum flux ratio of the 6.13 and 1.63 MeV features and its calculated values from the curves of Figure 22 . Because the dominant target nuclei for these two features (
16 O and 20 Ne, respectively) are both high-FIP elements, their relative abundance is well-known. We note that the spectral indexes derived here assuming an ambient We also note that, though the 6.13/1.63 MeV flux ratio is composed of two features classified as 3 He-independent, there is still some weak dependence on the 3 He/α ratio especially for intermediate spectral indexes when accelerated α/proton = 0.5 (see Figure 22 ). This is due to relatively weak inelastic interactions of 3 He having cross sections peaking at ion energies of ∼10 MeV nucleon −1 (see Figures 2 and 4) . Because we do not know a priori what the 3 He/α ratio is, for each assumed value of α/proton, we determine the spectral index for two assumed 3 He/α ratios, 0.1 and 1.0, and discuss the impact of this assumption on the final derived value of 3 He/α. We first perform the analysis assuming the accelerated 3 He spectral index is equal to the accelerated proton and α-particle index; i.e., We also derive accelerated 3 He/α ratios using the two measured 0.94/0.84 and ∼1.04/0.84 MeV flux ratios used by Mandzhavidze et al. (1997 Mandzhavidze et al. ( , 1999 and Share & Murphy (1998) in their earlier studies of the accelerated 3 He abundance. The 0.84 MeV feature (see Panel (a) of Figures 8 and 10 ) is dominated by the 0.847 MeV 56 Fe line produced almost exclusively by proton and α-particle reactions, and so the feature is also classified as 3 He-independent. The 0.84 MeV feature was preferred in the earlier studies because the other strong lines contributing to the 0.94 and ∼1.04 MeV features are also produced by the same 56 Fe target. In an analysis such as this, where flux ratios of gamma-ray features are being compared, using features with similar gamma-ray energies minimizes the impact of any energydependent detector response-function inaccuracies. However, even though the energy of the 6.13 MeV feature is far from the energies of 0.94 and ∼1.04 MeV features, we use flux ratios relative to it for our final 3 He/α determination rather than to the 0.84 MeV feature because its flux is much better determined. Also, the dominant target nucleus of the 0.84 MeV feature is 56 Fe, a low-FIP element, so its abundance relative to the high-FIP dominant target nuclei of the 3 He-influenced features is uncertain, making the derived 3 He/α ratio similarly uncertain. For brevity, we do not show yield or yield-ratio curves for the 0.84 MeV feature. As will be seen, the 3 He/α abundance ratios derived using the 0.84 MeV feature is consistent with the ratios derived using the 6.13 MeV feature.
Results
We first assume α/proton = 0.1 and obtain a spectral index of s = 4.88±0.17 from the 6.13/1.63 MeV ratio (see Figure 22 ) assuming 3 He/α = 0.1, where the uncertainties are 1σ derived from the measurement uncertainty of the flux ratio. Using this spectral index, we obtain accelerated 3 He/α values from the six measured 3 He-influenced to 3
He-independent flux ratios. These derived 3 He/α ratios are given in Figure 28 . Time-averaged summed count-rate spectrum of the strongest 19 gamma-ray line flares observed with the SMM/GRS. The strongest narrow features and, for deexcitation lines, their target nuclei are identified. Table 2 and the four 3 He/α ratios derived from the flux ratios calculated relative to the 6.13 MeV flux are shown graphically in Figure 29 . Table 2 shows that all six of the derived accelerated 3 He/α ratios are enhanced relative to the coronal or photospheric values.
We calculate the weighted mean of the derived 3 He/α ratios considering only the four ratios derived from flux ratios relative to the high-FIP 6.13 MeV flux (see Figure 29) . Their weighted mean is 3 He/α = 0.14±0.04, a 3.4σ result, implying that the probability that the 19-flare averaged accelerated 3 He/α ratio is photospheric or coronal (i.e., essentially zero) is ∼1×10 −3 . We conclude that accelerated 3 He is enhanced in gamma-ray line-producing flares. We repeated the analysis assuming 3 He/ α = 1.0 to determine the spectral index. The resulting derived 3 He/α values are larger, but only by about 10%, well within the statistical uncertainties of the derived 3 He/α values. We conclude that the derived accelerated 3 He/α value is reasonably independent of the 3 He/α value assumed to determine the index.
We repeated the analysis assuming accelerated α/proton = 0.5. As the assumed α/proton ratio increases, the required accelerated 3 He/α correspondingly decreases. The 3 He/α weighted mean determined from the same flux ratios is 3 He/ α = 0.063±0.014; i.e., different from zero by 4.5σ. (We note that the 3 He/α ratio derived from the ∼1.04/6.13 MeV flux ratio was indeterminate for assumed α/proton = 0.5 and so the weighted mean only include the other three ratios.) We see that, regardless of the accelerated α/proton value assumed, we can conclude that accelerated 3 He is enhanced in gamma-ray lineproducing flares. While the derived 3 He/α value does depend on the assumed α/proton ratio, we can conclude that the probability that the 19-flare averaged accelerated 3 He/α ratio is photospheric or coronal is <1×10 −3 . We note that the 3 He/α ratio derived here using the ∼6.4/ 6.13 MeV flux ratio is notably larger than those derived from the other flux ratios, though consistent due to its large uncertainty (see Figure 29) . The ∼6.4 MeV feature is located near the first escape peak of the broad ∼6.9 MeV feature, and inaccuracies of the detector off-diagonal response function could be affecting the measurement of its flux and thence the derived accelerated 3 He/α ratio. An improved response function is available and will be used in future analyses to improve the fits once the data can be accessed with modern computer systems.
We now investigate the impact on the derived accelerated 3 He/α ratio if the accelerated 3 He is allowed to have a spectral index different from that of the protons and α particles. Using ACE data, Mason et al. (2002) surveyed SEP data in 3 He-rich events. Fits to 1-10 MeV nucleon −1 3 He and 4 He data assuming a power-law spectral form for 11 events showed that, while there were no systematic differences of the spectral indexes of the two species, they could differ for a given event by up to about ±1. We therefore repeated the above analysis assuming that accelerated 3 He has a spectral index differing from that of the protons and α particles by 1; i.e., s He 3 = a s p + Δs with Δs = ±1. When the 3 He spectrum differs from the proton and α-particle spectrum, the meaning of the 3 He/α abundance ratio must be specified. Because measurements of this ratio in 3 He-rich SEPs are typically made near 1 MeV nucleon −1 , we define 3 He/α to be the ratio of the differential number of 3 He and α particles at 1 MeV nucleon −1 . We find that when the 3 He spectrum is steeper than that of the protons and α particles (Δs=+1), the derived 3 He/α ratios are larger, with a mean value of the ratios derived from the same three flux ratios of 0.29±0.09 (i.e., different from zero by 3.4σ) compared with 0.14±0.04 when the spectra are the same. When the 3 He spectrum is harder (Δs=−1), the derived 3 He/α ratios are smaller, with a mean value of 0.052±0.013 (i.e., different from zero by 3.8σ). We conclude that while allowing the accelerated 3 He to have a spectrum different than that of the protons and α particles does change the derived 3 He/α ratio, it does not alter our claim that accelerated 3 He is enhanced in gamma-ray line-producing flares. He in flare-accelerated ions would clarify the relationship between these two phenomena. Using calculations of the yields of three gamma-ray nuclear-deexcitation lines produced by energetic 3 He reactions, previous investigations of SMM/GRS He/α ratios derived from the four observed flux ratios, 0.94/6.13, ∼1.04/6.13, ∼5.2/6.13, and ∼6.4/6.13 MeV, as indicated, assuming the accelerated 3 He and the accelerated proton and α-particle spectra have the same spectral index; i.e., s He 3 = a s p =s. The assumed accelerated α/ proton ratio is 0.1. The dashed line and the grey band represent the weighted mean and its uncertainty (0.14 ± 0.04) of the 3 He/α values derived from the four ratios. Notes. The assumed α/proton = 0.1. The assumed 3 He/α = 0.1, and the corresponding derived spectral index s = 4.88±0.17. a Photon energies are in MeV.
SUMMARY
flare data (Share & Murphy 1998; Mandzhavidze et al. 1999) provided tantalizing suggestions of enhanced flare-accelerated 3 He. Ramaty et al. (2000) demonstrated that the solar wind 6 Li/ 7 Li isotopic ratio obtained from measurements in lunar soil (Chaussidon & Robert 1999) could be explained by 3 He reactions in solar flares producing lithium that is evacuated by the solar wind, provided that the accelerated 3 He is enhanced. In this paper,we calculated the yields of all nuclear deexcitation lines produced by energetic 3 He interactions in the solar atmosphere by incorporating all significant accelerated-3 He reactions into our deexcitation-line code. The code now produces the complete gamma-ray line spectrum from accelerated proton, α-particle and 3 He projectiles with all major elements of the solar atmosphere. Because only few laboratory measurements are available, we used the nuclear reaction code TALYS to provide the cross sections for production of ∼85 lines from over 100 reactions of 1 keV to 250 MeV 3 He (see Table 3 in the Appendix). The calculated spectrum also includes the gamma-ray continuum associated with line emission (see Section 2).
Because of the large mass excess of 3 He, the energy dependences of many of its line-production cross sections can be quite different from those of protons and α particles; 3 He cross sections often can be relatively strong at low energies and have lower threshold energies than those of protons and α particles. The presence of enhanced 3 He is therefore more easily revealed in the gamma-ray spectrum when the accelerated-ion spectrum is steep (power-law spectral index s>3), as can be seen in Figures 8-11 . For harder flare ion spectra (s<3), deexcitation lines and continuum from proton and α-particle reaction dominate the spectrum and detection of enhanced 3 He is more difficult. Using the updated code, we calculated gamma-ray deexcitation line spectra under certain assumptions for the various flare parameters. Deexcitation-line gamma-ray spectra are composed of relatively narrow features on an underlying continuum (see Figures 8-11 ). The narrow features are each composed of one or more deexcitation lines. We classified the narrow features into three categories: (1) 3 He-unique, produced by 3 He reactions and only very weakly or not at all by proton and α-particle reactions; (2) 3 He-influenced, produced also by protons and α-particle reactions, but for some accelerated-ion spectral indexes the 3 He contribution dominates; and (3) 3 Heindependent, produced by protons and α-particle reactions but only weakly or not at all by 3 He reactions. This categorization guides research exploring the impact of enhanced accelerated 3 He on solar-flare gamma-ray spectra. We note that it may be possible to produce some 3 He-unique features by α-particle reactions, and to produce some 3 Heindependent features by 3 He reactions, but in both cases only very weakly.
Using the calculated spectra, we identified those narrow features that are affected by the presence of enhanced accelerated 3 He; i.e., either 3 He-unique or influenced. These features are listed in Table 1 along with their contributing 3 He deexcitation lines. Detection of a 3 He-unique feature unambiguously implies the presence of enhanced accelerated 3 He. However, they are often weak or occur at energies where their detection could be difficult.
3 He-influenced features complement those of the first group and may even be more useful when searching for enhanced accelerated 3 He. Furthermore, it is mainly through this group that enhanced 3 He will affect the entire gamma-ray spectrum (see Figures 8 through 11 ) and therefore impact those solarflare parameters (such as ambient abundances) previously derived from spectral analyses based on calculations that included reactions of protons and α-particles only and not 3 He. 3 He-independent features depend only very weakly on the abundance of 3 He and can be used to determine reasonably accurate flare parameters (such as accelerated proton and α-particle spectral steepness) without knowledge of the 3 He abundance. Any flare parameters previously derived from comparisons of ratios of features from this group will not be significantly changed even if accelerated 3 He is found to be enhanced. Examples are the 1.634 MeV 20 Ne, the 4.439 MeV 12 C, and the 6.129 MeV 16 O lines. Based on the calculated spectra, we provided calculated gamma-ray yields and yield ratios (Figures 14-27 ) for several of these narrow spectral features. We chose features most relevant to searching for enhanced accelerated 3 He using measured fluxes. We found that there are ratios that depend dramatically on the accelerated 3 He abundance and are therefore useful for its determination. Other researchers can use these calculations for theanalysis of solar-flare gammaray data.
We used the calculated yields to estimate the (flare-averaged) accelerated 3 He/α ratio based on the available narrow-feature fluxes (both published and unpublished) of the summed spectrum of the 19 strongest SMM/GRS gamma-ray line flares (see Figure 28 ) measured in earlier studies. We first used the 3 He-independent1.63/6.13 MeV flux ratio to determine the accelerated-ion spectral index s from the observed flux ratio. With this index, we then derived accelerated 3 He/α ratios using six measured flux ratios of 3 He-influenced to 3 Heindependent features: 0.94/6.13, ∼1.04/6.13, ∼5.2/6.13 and ∼6.4/6.13, 0.94/0.84, and ∼1.04/0.84 MeV (see Table 2 ).
All six ratios suggested that the accelerated 3 He/α ratio is enhanced above the solar-atmosphere value of ∼3×10 −4 . From the weighted mean of the four independent flux ratios (0.94/6.13, ∼1.04/6.13, ∼5.2/6.13, and ∼6.4/6.13), we found with 99.9% confidence that the accelerated 3 He/α ratio in gamma-ray producing solar flares is inconsistent with that of the photosphere or corona. The value depends on the assumed accelerated α/proton ratio, ranging from 0.05 to 0.3.
Our conclusion that accelerated 3 He/α is enhanced in gamma-ray producing solar flares is based on analysis of the SMM19-flare summed spectrum. The 19 flares ranged in size by more than an order of magnitude in both soft X-ray flux (GOES class X1.4 to X20) and gamma-ray fluence. The summed spectrum is necessarily dominated by the few largest gamma-ray flares, and so we do not know if the 3 He enhancement appears in gamma-ray flares of all sizes, if it varies from flare-to-flare, or if it only appears in the largest. On the contrary, Reames et al. (2014) found that 3 He-rich SEP events associated with smaller X-ray flares tended to be more 3 He-rich, so it may be that the enhancement we detect is confined only to the smaller flares. This ambiguity should be resolved when individual flares are analyzed with calculated spectral templates.
There are now two distinct solar phenomena exhibiting enhanced accelerated 3 He: 3 He-rich SEP events in space and solar flares. Our finding that 3 He is enhanced in gamma-ray producing flares suggests that the process that accelerates ions reactions currently treated by the gamma-ray line production code as shown in Table 3 .
There are three tables. Tables 4 and 5 provide the necessary information needed to use the cross sections given in Table 6 . Table 4 includes all explicit gamma-ray lines. Table 5 includes the unresolved-line continua. In Table 4 , the first column gives the line energy in MeV, the second column gives the target nucleus of the reaction, the third column gives the excited nucleus giving rise to the line, and the fourth column gives the name of the cross section. This name identifies the cross section that is given in the third Table 6 . Table 5 includes the unresolved line continua. The first column gives the target nucleus of the reaction and the second column gives the cross section name. Table 6 contains the cross section values for all of the reactions. The first column gives the name of the cross section as identified in Tables 4 and 5 . The second column gives the number of energies for which cross section values are given. The third column gives the projectile energy values (in MeV nucleon −1 ) and the fourth column gives the cross section value (in milliBarn) at each energy. 
